A compact wideband printed antenna with deca-band 4G/5G/WLAN for mobile phone devices is proposed in this paper. e complete structure is composed of a monopole antenna and a coupling strip, occupying a small C-shape PCB area of 27 × 10.8 mm 2 . is antenna, which is printed on FR4 substrate with 0.8 mm thickness and fed by a coaxial cable, can provide three wide operating bandwidths that cover 685-1012 MHz, 1596-2837 MHz, and 3288-3613 MHz for 4G/5G/WLAN communication systems. e gains and total radiation efficiencies of the antenna in the low, middle, and high bands are 1.4 dBi-2.5 dBi and 38%-47%, respectively. Besides, the measured results are in good agreement with the simulated results. Further experiments demonstrate that the proposed antenna exhibits a good performance for mobile phones.
Introduction
Rapid development of the wireless communication systems, especially the wide use of 2G/3G/4G devices and mobile phone antennas with small sizes and wide operating bands, are more attractive for practical applications. As a particular case, a compact wideband printed mobile phone antenna, covering the LTE (Long-Term Evolution) 700, GSM (Global System for Mobile Communications) 850, GSM900, DCS (Digital Cellular System) 1800, PCS (Personal Communications Service) 1900, UMTS (Universal Mobile Telecommunications System) 2100, LTE2300, LTE2500, and 5G (3300-3600 MHz), is of interest. As is well known, these mobile phone antennas need to be able to operate at a wider scope of different frequencies and work in a very limited space.
Recently, various techniques have been proposed for the design of the multiband or broadband antenna. Several printed wideband antennas for mobile phones have been proposed in the literature [1] [2] [3] [4] [5] [6] . However, in order to cover the LTE/ WWAN (Wireless Wide Area Network) operation in the 700 MHz band, the radiating board in the printed monopole occupies a large volume, which may be folded to achieve a compact size in the mobile phone. Several techniques have been reported to widen the bandwidth and reduce the occupied space, including the multiple branches technique [7, 8] , the reconfigurable method [9, 10] , and the lumped-element matching method [11] [12] [13] [14] . Another popular technique is the coupled-fed method [15, 16] , which provides a convenient matching tuning mechanism. However, these methods cannot simultaneously meet both requirements of wideband operation and compact size. erefore, it is an interesting challenge to design a wideband and compact mobile phone antenna.
In this paper, a deca-band printed antenna for 4G/5G/ WLAN mobile phones with the size of 27 × 10.8 × 0.8 mm 3 is proposed. A C-shaped ground plane is introduced in this paper to enhance the operating bandwidth of the antenna that is disposed on the C-shaped system circuit board, and the C-shaped ground plane is easier to adjust bandwidth than the antenna that is disposed on the conventional simple system circuit board. e proposed antenna is composed of a monopole antenna and a staircase-shape coupled ground strip. Owing to the coupling interactions, the feeding strip and the parasitic elements may generate multiple resonant modes with the help of the system ground plane. e antenna presents a measured S 11 of lower than − 6 dB inside the operation bandwidths of LTE700 (704-787 MHz), GSM850 (824-894 MHz), GSM900 (890-960 MHz), DCS (1710-1880 MHz), PCS (1850-1990 MHz), UMTS2100 (1920-2170 MHz), LTE2300 (2305-2400 MHz), and LTE2500 (2500-2690 MHz), meanwhile lower than − 10 dB inside the operation bandwidths of WLAN (2400-2484 MHz) and 5G (3300-3600 MHz).
Antenna Geometry
e configuration of the proposed antenna is illustrated in Figure 1 . Figure 1(a) shows the structure of the proposed antenna fabricated on a C-shaped FR4 substrate with a size of 120 × 60 mm 2 , a relative permittivity of 4.4, a thickness of 0.8 mm, and a loss tangent of 0.02. e dimensions of the proposed antenna are 27 × 10.8 mm 2 , located at the lower left edge of the substrate. e selected dimensions of the overall circuit board and the antenna are reasonable for practical mobile phones. e proposed antenna consists of a monopole antenna, a staircase-shaped coupled ground strip, and a 6.8 nH inductor, as shown in Figure 1 (b). e driven strip, coupled ground strip, and ground plane are printed on the front side of the substrate. In the proposed antenna, the driven strip is connected (point A) to the ground plane by a 50 Ω coaxial cable, and the coupled strip is connected directly to the ground plane (point B) on the same side. e driven strip is composed of four branches, strips 1, 2, 3, and 4, as shown in Figure 1 (b), which contributes the resonant modes at lower and higher frequency bands. By adding the staircase-shaped coupled ground strip, the interaction between the driven strip and the coupled strip may generate another resonant mode around 2260 MHz, thereby improving the impedance matching and widening the middle bandwidth. To enhance the bandwidth of the middle and high band, an inductor is introduced to create two resonant frequencies around 2740 MHz and 3450 MHz. e proposed antenna is studied and discussed in detail in next section.
Antenna Design and Analysis

Antenna Design.
In order to meet the requirements of the modern mobile phone with the deca-band 4G/5G/ WLAN operation, the proposed antenna must provide multiple resonances. For convenient explanation, comparison of the simulated S 11 of various geometric structures of the antenna is shown in Figure 2 . First, antenna #1 is a monopole antenna, which generates a resonant mode only at a frequency of 1390 MHz. Next, strip 2 is added to the antenna #1, which forms antenna #2. Note that three resonant modes are excited at 672 MHz, 986 MHz, and 3752 MHz, and the impedance matching is good in the resonant modes. e antenna #3 is composed of a staircaseshaped coupled ground strip and antenna #2, which excites another resonant mode and enhances the bandwidth as 1610-2580 MHz. e antenna #4 is formed by inserting strip 3 in antenna #3. e two resonances of the lower band are shifted to the left, while the resonance of the higher band is shifted to the right. However, the corresponding bandwidths for these resonances are not wide enough to cover the whole frequency bands for LTE/WWAN/WLAN/5G.
Next, as antenna #5, an inductor is introduced in antenna #4 to enhance the bandwidth. Two resonant modes are excited at 2740 MHz and 3450 MHz with a good impedance matching. e middle and high bands cover DCS/PCS/ UMTS/LTE2300/2500 and 5G (3300-3600 MHz). e lower bands LTE700/GSM850 can also be covered by optimizing the inductance.
To achieve a wide coverage in the 900 MHz band, a meander line (strip 4) is inserted into antenna #5, that is, the proposed antenna. e resonant frequency in the low band is split into three modes. Consequently, the proposed antenna may cover the LTE700, GSM850, and GSM900.
Here, we employ HFSS (high-frequency structure simulator) full-wave simulator to optimize the antenna configuration and achieve its surface current and gain. e optimized design parameters have been determined and listed in Table 1 .
Parametric Analysis.
In the design of this antenna, the value of the inductor L and the length of H6 are changed, respectively, and their effects on each resonant mode are shown in Figures 3 and 4 . It can be seen in Figure 3 that the antenna's bandwidths are affected when a smaller or bigger value of L is selected, especially for the antenna's middle and high bands. In Figure 4 , the results of the simulated S 11 for the length H6 varying from 12.7 to 16.7 mm are presented. Relatively remarkable effects on the resonant modes in the low and middle bands are observed. Other resonant modes are generally insensitive to the length of H6. Figure 5 shows the fabricated prototype of the proposed antenna, which is fed by a 50 Ω coaxial cable. S 11 of the antenna is measured by using an Agilent N5247A vector network analyzer. e simulated and measured S 11 are plotted in Figure 6 . It may be observed that the simulated and measured results in lower and higher bands are in good agreement, while there is a small discrepancy between the simulation and measurement results in the middle band, which may be mainly due to the fabrication inaccuracy of the antenna prototype. According to − 6 dB reflection coefficients, the measured impedance bandwidths of the antenna for lower and middle bands were 685-1012 MHz and 1596-2837 MHz, respectively. Meanwhile, the measured impedance bandwidths lower than − 10 dB for WLAN and 5G (3300-3600 MHz) were 2146-2568 MHz and 3288-3613 MHz.
Simulation and Measurement
us, the proposed antenna provides all ten operating bands, i.e., LTE700/2300/2500, GSM850/900/ 1800/1900/UMTS2100/WLAN, and 5G (3300-3600 MHz).
To further comprehend the resonant mechanisms of the proposed antenna, the surface current distributions are simulated in Figure 7 . As shown in Figure 7 (a), the surface current at 740 MHz is distributed along the longer strip (E-F-G-H) and the staircase-shaped coupled ground strip (E-C), which can provide a 0.25-wavelength resonant mode (for M 1 ). By observing Figure 7 International Journal of Antennas and Propagation staircase-shaped coupled ground strip (E-C), which works at the 0.25-wavelength mode of the strip section at 3450 MHz (for M 4 ). Figure 8 shows the measured radiation patterns of the proposed antenna at 750, 1800, 2500, and 3450 MHz. Based on the direction of the antenna placement in Figure 1 , the copol (E θ ) and crosspol (E ϕ ) in the yoz, zox, and xoy planes are measured. As can be seen from Figure 8 , E θ varies smoothly in yoz and zox planes which presented omnidirectional radiation. At 750 MHz, the E θ radiation pattern appears as a figure-8 shape and is stronger than the E ϕ radiation pattern. More variations can be observed in the radiation patterns at the xoy plane, but this radiation has little influence on the proposed antenna's overall characteristics. By comparing E θ and E ϕ in the analysis table, the proposed antenna exhibits remarkable characteristics of directivity and polarization which can meet the requirement of antenna directionality.
e measured antenna gain and radiation efficiency of the fabricated antenna are shown in Figure 9 . Within the desired LTE700/GSM850/900 bands, i.e., 704-960 MHz, the measured antenna gain is about 1.4-1.9 dBi, and the corresponding radiation efficiency varies from 38% to 43%. Besides, for the middle operation band for DCS1800/ PCS1900/UMTS2100 and LTE2300/2500 bands (1710-2690 MHz), the measured antenna gain is about 1.7-2.2 dBi, and the corresponding total radiation efficiency is larger than 40%. In the high band for 5G (3300-3600 MHz), the measured gain of the antenna varies from 2.2 to 2.5 dBi, and the radiation efficiency is from 45% to 47%. As a result, the measured efficiency and gain of the proposed antenna meet the requirement of the mobile phone systems.
Performances of the proposed antenna are compared with that of some typical mobile phones in terms of their frequency bands, dimensions, structures, and bandwidth in Table 2 . In this table, we can find that the antennas in [9, 10] have a thin antenna thickness using the lumped elements, while the size of which is larger than that of the proposed antenna. e antennas in [4, 5] also have a thin antenna thickness, but they use double PCBs (printed circuit boards). e antennas in [1, 16] do not use any lumped elements, while suffering from a thickness of greater than 5 mm. e areas of antennas in [8, 15] are larger than that of the proposed antenna, and they do not cover the LTE700 band, which is the most difficult to be covered and crucial for LTE/ WLAN (Wireless Local Area Networks) mobile phones. However, the proposed antenna can cover three frequency bands (685-1012 MHz, 1596-2837 MHz, and 3288-3613 MHz), furthermore S 11 lower than − 10 dB inside the operation bandwidths of WLAN (2400-2484 MHz) and 5G (3300-3600 MHz). is antenna has smaller size and singlelayer structure than other multiple resonance antennas in literatures. 
Conclusion
A compact wideband printed antenna for deca-band operation is proposed. e antenna is formed by merging four strips, a staircase-shaped coupled ground strip and an inductor which can provide three wide bandwidths of 685-1012 MHz, 1596-2837 MHz, and 3288-3613 MHz. ese bands can cover the standard LTE700/2300/2500, GSM850/900, DCS, PCS, UMTS, 2.4 GHz WLAN, and 5G (3300-3600 MHz). Furthermore, good efficiency of more than 38% and peak gains from 1.4 dBi to 2.5 dBi are achieved across the three bands.
e measured results indicate that the proposed antenna is suitable for the applications in mobile phones for LTE/4G/5G/WLAN operations.
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